Mechanical interdependence between intrapulmonary structures and parenchyma has not been studied previously in immature postnatal lungs. To study these interactions, lung elastic moduli were measured by pressure-volume and punch indentation studies in lobes excised from 3-day-old (n=6), 1-month-old (n=6), and 3-month-old (n=7) piglets. After extra-alveolar arteries were filled with a radiopaque fluid silicone compound, transpulmonary pressure and arterial pressure were varied independently as the lobar vein was occluded. Arterial diameters and lengths were measured from radiographs. Behavior of 3-month-old lungs was consistent with previous studies of adult lungs, but results were unique in 3-day-old lungs. That is, during stepwise deflation of the immature lungs 1) intravascular pressures fell when arteries were occluded experimentally, 2) arteries increased their diameters when kept at a constant intravascular pressure, and 3) arterial lengths decreased by <3%. Behavior of 1-month-old lungs was intermediate. A previous continuum mechanics analysis of pressure-diameter behavior was modified to account for compression by alveolar pressure as vascular diameters increase. It was concluded that 1) radial and axial dimensions of extra-alveolar arteries are virtually independent of parenchymal expansion in newborn piglet lungs and 2) periarterial interstitial pressures increase as these lungs are inflated. Our interpretation of these findings is that a mechanical association of the arteries to the parenchyma occurs gradually with postnatal maturation. (Circulation Research 1992;71:701-710) KEY WoRDs * blood vessel-parenchyma interdependence * lung growth * lung micromechanics * pulmonary circulation T he mechanical behavior of intrapulmonary blood vessels is affected by interaction with lung parenchyma. Macklin' observed that inflation of mature lungs increased diameters and lengths of the extra-alveolar arteries and veins. By measuring pressure-volume relations in the extra-alveolar vessels at various levels of lung inflation, Permutt et a12 made a first approximation of the forces involved in vesselparenchyma interdependence. Lai-Fook3 successfully applied theory and methods of continuum mechanics to predict perivascular stresses from radiological measurements of vascular pressure-diameter behavior. This and a subsequent study by Smith and Mitzner4 indicated that perivascular pressure decreases more or less in a linear relation with transpulmonary pressure during inflation of mature lungs.
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Parenchyma-vessel interactions have not been studied previously in immature postnatal lungs. In mature lungs, the structural component pertinent to the expanding forces has been proposed to be elastic tissue strands between the vessels and lobar boundaries.5 of newborn piglet lungs,6 we hypothesized that parenchyma-vessel interdependence may vary with postnatal maturation. Our studies to test this hypothesis feature the same three stages of postnatal growth and maturation as in our previous reports of lung elastic moduli7 and morphometry. 6 Methods that have been developed in other laboratories are modified slightly to measure diameters3 and lengths4 of unoccluded extra-alveolar arteries and to measure pressures within the occluded vascular system5 at various stages of lung inflation. Because we find that vascular diameters actually decrease with lung inflation in some cases, results are analyzed by a modified continuum mechanics approach that includes the compressive force of alveolar pressure. We interpret the results as indicating a progressive mechanical association of extra-alveolar arteries with surrounding parenchyma as lungs grow and mature postnatally.
Materials and Methods

Animals and Surgical Techniques
The methods in this study were approved by the Animal Care Committee of Rhode Island Hospital. Three groups of female Duroc piglets (Moniz Farms, Tiverton, R.I.) were studied: six 3-day-old piglets, six 1-month-old piglets, and seven 3-month-old piglets. Body and lung weights are shown in Table 1 .
Each piglet was anesthetized with ketamine (100 mg/kg i.m.) with 10% acepromazine and was also given n, Number of piglets; V5, V10, and V25, absolute lung volume at given transpulmonary pressure (5, 10, and 25 cm H20, respectively) of left lung or left lower lobe (3 months) whose wet weight is given; Dgen 2, diameter of left lower lobar artery as estimated radiographically at 15 cm H20 intravascular pressure and 5 cm H20 transpulmonary pressure. Values are mean+SEM. atropine (0.04 mg/kg i.m.). After heparin (500 units/kg) was given intravenously to prevent intravascular coagulation, the piglet was killed by an intravenous overdose of pentobarbital sodium.
An endotracheal tube was introduced by tracheostomy and secured. The chest cavity was approached from the abdomen by a midline ventral incision and opened. After pressure-volume curves had been measured in the open-chested animals, the lungs and heart were removed from the chest. The left lower lobe pulmonary vein and pulmonary artery were cannulated with saline-filled catheters. The right and left lungs were then removed and separated. The left lung was used for vascular studies, and the right lung was used for punch indentation studies.
Pressure-Volume and Punch Indentation Studies
Static expiratory pressure-volume curves were obtained in the open-chested piglet by stepwise deflation of the lungs, by using a volume-displacement apparatus, while airway pressure was monitored. In the 3-monthold group, pressure-volume curves were obtained from the left lower lobe only. Transpulmonary pressure (PL) was taken as airway pressure minus pleural surface pressure (Ppl), which was ambient. Lung or lobe volume at PL=O was measured by water displacement, and gas volume was calculated by subtracting lung or lobe weight in grams, where tissue specific gravity was assumed to be 1. Absolute lung or lobe volume was then calculated by adding gas volume at PL=O to the changes measured by the volume displacement apparatus. The pressure-volume result, taken from each lung as the mean of three curves, was used as an index of parenchymal strain (Table 1) .
To ensure a consistent volume history for all studies, the lung was inflated to PL=30 cm H20 and kept there for at least 30 seconds before deflation to a lower PL. Grossly visible gas trapping was observed when the lungs were deflated to PL<5 cm H20, especially in the oldest group after prolonged periods at high PL. For this reason, the lung was degassed after any study requiring more than 10 minutes at PL> 10 cm H20. Degassing was done in a vacuum jar at water vapor pressure for 20 seconds. 8 Punch indentation tests were done by the method of Hajji et a19 as previously applied to piglet lungs in our laboratory.7 The right lower lobe was held at a fixed airway pressure on the platform of a micromanipulator. The lobe was raised until its horizontal upper surface contacted the bottom rim of an open, graduated acrylic cylinder of known internal diameter. Connection of the cylinder to a balance (model 2250, Sartorius Corp., Long Island, N.Y.) provided a reference point for position of the cylinder. The cylinder displaced lung parenchyma as the platform of the micromanipulator was raised further. The position of the platform was measured by a displacement transducer. Load associated with the displacement was represented by height of a fluid column that had been adjusted to bring the cylinder back to its reference point.
Measurements were taken at intervals of 5 cm H20 between airway pressures of 30 and 5 cm H20. In our previous study of piglet lungs,7 variation in load displacement as a function of cylinder diameter was used to measure pleural membrane tension. Only two cylinder diameters (from 8 mm in the smallest lungs to 16 mm in the largest lungs) were used in the present study. In analysis of the load-displacement data to find the shear modulus (g), the previous values for pleural tension were accepted without repetition.
Arterial Pressure-Diameter Behavior
The left lower lobe was suspended by its main bronchus with arterial, venous, and bronchial catheters in place. Airway pressure was monitored by a transducer at the airway opening and maintained at 5 cm H2O by an underwater trap. The contrast medium was a radiopaque silicone rubber injection compound (Microfil No. MV-117 Orange; viscosity, 200 cp) that remains fluid in the absence of a curing agent. The contrast medium was found in preliminary studies to traverse the pulmonary capillary bed into the venous circulation at an infusion pressure of 35 cm H20. Intravascular pressure (Pv) was controlled by raising a reservoir of the contrast medium above the lung until a transducer, which had been leveled to the midpoint of the lung in the vertical axis, recorded the desired Pv as referred to Ppl (ambient). It was found that capillary and venous filling could be avoided by stopping the infusion when the initial flow of the contrast medium slowed. Outflow through the venous catheter was then occluded during all of the studies.
Three series of studies were done in which PL was held constant at 5, 10, or 25 cm H20 while Pv was varied. We made this choice of PLS to avoid gas trapping at lower PL and to use the curvilinear pressure-volume relation ( Table 1) in an attempt to separate PL from lung volume as determinants of arterial diameter. A radiograph was taken at each combination of PL and Pv. The values for Pv chosen were 35, 25, 15, 5, 0, and -5 cm H20. In most cases, the sequence of PL was 25, 5, and 10 cm H20, with degassing of the lung after the first series at 25 cm H20. It was found that other sequences did not change the pressure-diameter results providing that the lung was degassed after the series at 25 cm H20. 11.1~.F IGURE 1. Enlarged (xl. 925) radiograph of 3-day-old piglet lung that has been inflated to 10 cm H20 transpulmonary pressure. Radiopaque contrast in the arterial tree is under pressure of 25 cm H20. White arrows depict typical sites where radial and axial dimensions were measured.
A radiograph was taken at each combination of PL and Pv. Distance between source and film was 105 cm for the 3-day-old and 1-month-old groups (object-film distance, 2-3 cm) and 210 cm for the 3-month-old group (object-film distance, 4-5 cm). A high resolution film (Dupont Chronex Microvision) and image intensifying screen (Quanta V) were used, and settings were typically 60 kVp and 6 mA in the younger groups and 60 kVp and 23 mA in the 3-month-old group.
Vascular dimensions were measured from a photographic enlargement (Figure 1 ) of the radiograph. Three to five vessel sites were chosen, based on their relative location and consistency of diameter between local branching sites. All sites reported were in the main lobar artery (designated generation 2) or a branch thereof (designated generation 3). Pressurediameter behavior was more variable in generations 4 and 5, although no systematic difference could be found in comparison with generations 2 and 3. A macroscope (Bausch & Lomb measuring magnifier) with divisions of 0.1 mm was used to measure diame-ters. The reader was blinded to the circumstances of each radiograph with regard to both PL and Pv. The pressure-diameter relation of a particular site, and its behavior at varying airway pressures, was then found by combining measurements from the individual radiographs. In a few cases, which were not confined to any one age group, erratic behavior among various sites was associated with proximity (<1 cm) of the pulmonary artery catheter tip to the pleural surface or with wedging of the catheter into a branch. Only these studies were rejected.
Length Behavior ofArteries and Pleural Surface Markers
Vessel length changes were noted by measuring between well-defined branching points from generations 2 and 3 with a ruler (Figure 1 ). The measurements of arterial lengths are subject to geometric errors, which are inherent in the radiographic method. Although our study was concerned with fractional changes in length rather than with absolute values, it 11 M, .--'It. Extension ratio of line (L/L5) represents length (L) as a proportion of length at 5 cm H20 transpulmonary pressure (L5). Each point represents average of two horizontal lines versus average of two vertical lines. Line of identity is dashed.
Behavior of the markers did not differ significantly at the two ages.
was possible that significant errors might be introduced by geometric distortion. In addition, we were concerned that distortion of the hanging lobe by gravity might cause uneven expansion of the parenchyma. The 3-month-old lobes were much heavier than the 3-day-old lobes (Table 1) , and the arterial segments measured in all lobes tended to be oriented closer to the vertical than to the horizontal plane. Thus, a systematic difference in gravitational distortion of the parenchyma can be misread as a systematic difference in arterial extension when the parenchyma is assumed to extend equally in all planes. This assumption was tested by pleural surface markers. Four lobes (two at 3 days and two at 3 months) were studied by the stereoscopic technique of Hughes et al.'0 In addition, radiopaque markers were placed on the pleural surfaces of three of these lobes (only one at 3 months). A group of five pleural surface markers was arranged to describe two tetrahedra whose common side was oriented more or less in the horizontal plane. The stereoscopic technique was used to compare changes in absolute lengths of horizontally and vertically oriented tetrahedron edges as the lobe was deflated from PL=25 to PL=O cm H20. These changes ( Figure 2 ) did not differ statistically. Thus, we found no suggestion of gravitational distortion at either end of the age spectrum. Moreover, extension ratios calculated from all nine tetrahedron edges and extension ratios derived from the cube root of overall lung volume did not differ significantly. One study was devoted to comparing arterial lengths as measured from single exposures to those as corrected by the stereoscopic technique. In this study of a 3-month-old lobe, Pv was held constant at 25 cm H20, and exposures were taken at PLS of 5 cm H20 and at 25 cm H20 with the tube in the usual Pv-PpI, (cm H20) FIGURE 3. Graph showing arterial diameter versus intravascular pressure at three levels of inflation in 1-month-old piglet lungs. Diameter is plotted as proportion (D') of measurement at transpulmonary pressure (PL)=5 cm H20 and intravascular pressure (Pv-Ppl) =0 cm H20. The three levels of lung inflation are as follows: open symbols and solid line, PL=5 cm H20; dashed line, PL=10 cm H20; closed symbols and solid line, PL=25 cm H20. Values are mean+±SEM (n=4). At Pv-Ppl=0, diameters at PL=25 cm H20 are significantly larger than those at PL=S cm H20 (p<0.0005); the reverse relation is significant at Pv-Ppl=35 cm H20 (p<0.005). Arrows mark the intravascular pressures at which occluded vessels were studied (see Figure 6 ).
orientation. At each PL, the tube was then shifted, parallel to the plane of the film, 35 cm to the left and right of center, resulting in double-exposed films with partially overlapping images. The tube-film distance was 221 cm, and the focal spot size was 0.12 cm. A marker had been placed under the lobe at an angle of 340 with respect to the plane of the film. The stereoscopic correction reduced a 12% underestimation of marker length to <2.5%, in agreement with the original claims for the method.)0 The correction was then applied to four sites, located on separate branches and representative of the size typically measured. A paired t test showed no difference in extension ratios between 5 and 25 cm H20 PL by the corrected and uncorrected methods. Thus, the extension ratios reported (Figure 7) are from uncorrected measurements.
Vascular Isovolume Studies
Benjamin et a15 occluded air-insufflated extra-alveolar vessels to maintain constant volumes and measured Pvs during deflation of mature dog lungs. In our modification of this method, the vascular volumes in the various age groups were chosen on the basis of preliminary findings in the pressure-diameter studies. Thus, 1-month-old lungs were tested at two vascular volumes that corresponded to Pvs on each side of the crossover in Figure 3 .
The lobe was inflated to 25 cm H20 PL, and the open arterial column of contrast medium was adjusted to keep Pv constant over a period of 2 minutes. The arterial catheter was then closed, and Pv was monitored continuously as the lobe was deflated by lowering PL in decrements of 5 cm H2O. Airway pressure was held Pv-Ppi, (cm H20) FIGURE 4. Graph showing arterial diameter versus intravascular pressure at three levels of inflation in 3-month-old piglet lungs. Diameter is plotted as proportion (D') of measurement at transpulmonary pressure (PL)=S cm H20 and intravascular pressure (Pv-Ppl) =0 cm H20. The three levels of lung inflation are as follows: open symbols and solid line, PL=5 cm H20; dashed line, PL=10 cm H20; closed symbols and solid line, PL=25 cm H20. Values are mean-+SEM (n=4). At Pv-Ppl=O, diameters at PL=25 cm H20 are significantly larger than those at PL=5 cm H20 (p<0.001); the reverse relation is significant at Pv-Ppl=35 cm H20 (p<0.01). constant at each level for 1 minute to allow equilibration of Pv.
Statistical Methods
The effects of lung inflation on the pressure-diameter relation was tested in each of the three age groups separately. Measurements of absolute diameter (in millimeters) at the various sites (n=14-20) at PL=5, 10, and 25 cm H2O were tested in a group by repeatedmeasures analysis of variance (ANOVA).11 Two repeated-measures ANOVAs were done in each age group, one at a low Pv (0 cm H20) and another at a high Pv (35 cm H20).
Results
Pressure-Diameter Relations
Changes in diameter per change in Pv decreased as Pv was increased and as PL was increased (Figures 3-5 ). Both findings agreed with previous studies.2-4 Curves from the three groups of lungs at PL=5 cm H20, plotted as fractional change in diameter per unit change in pressure, did not differ significantly from one another. The mean value for this relation (specific vascular compliance) from all of the lungs at PL=5 was 0.012 cm H20-1, which is identical to the value obtained by Lai-Fook and Hyatt'2 in extra-alveolar arteries excised from mature pig lungs.
Inflation of lobes tended to increase the small arterial diameters associated with low Pv and to reduce the large diameters associated with high Pv. For example, increasing PL from 5 to 25 cm H20 in 1-month-old lobes enlarged (p<0.0005) diameters by approximately 10% when Pv=0 but reduced (p<0.005) diameters to a similar degree when Pv=35. Crossover of these effects occurred at Pv= =5 (Figure 3) . A similar pattern was found in the 3-month-old lungs (p<0.001 at Pv=0 and Pv-PpI, (cmH20) Pv-Ppl=35 cm H20, diameters at PL=25 cm H20 are significantly smaller than those at PL=5 cm H20 (p<0.0005).
p<0.01 at Pv=35), but crossover occurred at Pv==20 (Figure 4 ). Arterial compression was the only effect of lung inflation that could be detected (p<0.0005 at Pv=35) in the 3-day-old lungs ( Figure 5 ). Diameters at PL= 10 (Figures 3-5 ) did not differ significantly from those at PL=5 in any group of lungs.
Vascular Isovolume Studies
As shown in Figure 6 , lung deflation from PL=25 cm H20 to PL=5 decreased Pv in the occluded vessels of the 3-day-old lung but increased Pv at 3 months. With further deflation below PL=5, Pv continued to rise in the 3-month-old lungs and returned nearly to original values in the 3-day-old lungs. Three 1-month-old lungs PL (cm H20) FIGURE 6 . Vascular isovolume studies in 3-day-old (triangles) and 3-month-old (squares) piglet lungs. Intravascular pressure (Pv -Ppl) is plotted versus transpulmonary pressure (PL) as lungs are deflated. Before deflation, arterial and venous lines were occluded, and Pv-Ppl was set at 18 cm H20. Values are mean -+-SEM (n=4 in each group). and 3-month-old (squares) piglet lungs as lobes are deflated from transpulmonary pressure (PL)=25 to PL=10 cm H20 and then to PL=5 cm H20 (n=4 in each group). Arterial length (L) is plotted as a proportion of length at PL=5 cm H20 (L5). The cube root of lung volume (V1"3) is plotted as a proportion of that at PL=5 cm H20 (V5`3). Line of identical proportions is dashed.
were deflated after setting the initial Pv either lower or higher than the crossover of pressure-diameter curves (at~=5 cm H20) in Figure 3 . At high initial Pvs (17-23 cm H20), Pv in the occluded vessels fell by 2-3 cm H20; at low initial Pv (2 cm H20), occluded Pv rose to 8 cm H20. Thus, results from occluded vessels always confirmed the pressure-diameter results. That is, deflation of a lung as its open arterial system was held at constant Pv caused either increase or decrease in arterial diameters, depending on the Pv. After occlusion of the vascular system at this same initial Pv, the subsequent Pv always fell where diameters had previously increased in the open system, and vice versa.
Length Behavior ofArteries
Vessel length was found to be independent of Pv. Figure 7 shows results in the 3-month-old group (n=4) and in the 3-day-old group (n=4), expressed as fractional decreases in vessel length, during lung deflation from PL=25 to PL =5 cm H20. In agreement with previous studies of mature dog lungs,4 arteries in the 3-month-old piglet lungs underwent fractional decreases in length (by 0.15), which were similar to fractional decreases in the cube root of absolute lobe volume during deflation. Arterial lengths in the 3-dayold lungs were relatively fixed during the same maneuver, decreasing by less than 0.03. Results in 1-month-old lungs were intermediate in comparison with the 3-dayold and 3-month-old groups.
Pressure-Volume and Punch Indentation Studies
Lobe weights and absolute volumes at PL=5, 10, and 25 cm H20 are given in Table 1 . Weight density (wet weight per unit volume) at PL=25 cm H20 was significantly greater (p<O.O2) in 3-month-old lobes as compared with 3-day-old lobes. Shear moduli did not differ significantly among the three groups. Values increased with PL in the linear relation ,u=0.6 PL. In our previous study of elastic moduli in the same three age groups,7 relatively high values for g at PL<5 in the older lungs were interpreted as representing the onset of gas trapping during lung deflation. These high values were not found in the present study, in which the lungs were degassed regularly.
Analysis of Pressure-Diameter Behavior
The lung parenchyma is considered to be uniformly expanded except for regions around the blood vessels, where distortion may occur. Elastic moduli, which have been measured on the deflation limb of the lobe pressure-volume relation, are used to characterize response of the parenchyma to distortion by the vessel, which has been studied on the deflation limb of the lobe at the same alveolar pressure (PA). In vivo, Ppl and pleural membrane tension impose external forces on the equilibrium between PA and PL. However, Ppl was always ambient in our studies, and because pleural membrane tension is ignored (see below), PA is considered equal to PL. When the parenchymal tissue attachments to the extra-alveolar artery are expanded to the same strain as the parenchyma elsewhere, the average radial stress in these attachments (T) is equal to PL. Thus, r and PA around the artery are also in equilibrium, and perivascular interstitial pressure (PX=PA-r) is zero when parenchymal expansion is uniform everywhere (Figure 8A ). In our first analysis, local strain in tissue attachments around the artery (S') is assumed to be the same as average parenchymal strain at the measured lobe volume. Average parenchymal strain is defined as a linear dimension of absolute lung volume (V) relative to a linear dimension of a reference volume (V0); that is, S'=(V/V0) '3, where V0 is lobe volume at PL=S cm H20. Because these estimates of S' turn out to be incompatible with the pressure-diameter data in the younger animals, another analysis is tried in which S' is assumed to equal axial strain of the vessel at various lobe volumes. Here S' is calculated as vessel length (L) relative to its reference length (Lo): that is, S'=L/L0, where Lo is again the measurement at PL=5 cm H20. Figure 8A) .
When the parenchyma is distorted around the vessel, D' .S' and D' -S' can be used as a measure of the distortion. When D'<S', the attachments are strained beyond S'; therefore, T>PL ( Figure 8B ). According to the linear elasticity analysis suggested by Lambert and Wilson,13 the increase in r depends on the parenchymal shear modulus g and the fractional distortion of the parenchymal attachments. Because both D' and S' are fractional deformations, D'-S' can be applied to the linear elasticity analysis, which becomes T=PL-2g(D'-S'). When D'>S', the attachments are relaxed to a strain smaller than S'; therefore, r<PL ( Figure 8C ). However, we consider the parenchymal attachments unable to carry a compressive force; that is r must be >O. Thus, any further increase in arterial diameter is subject to the compressive force of PA unopposed by r. The above linear elasticity equation predicts this to happen when D'>Y'+PL/2p,. Thus, values for Px relative to Ppl, associated with perivascular extension or compression, respectively, are represented as follows:
Px=Ppl+2,(D'-S') for D'<(S'+PL/2pi) (1) PX=PPI+PL for D'>(S'+PL/24)
First, S' was assumed to equal average parenchymal strain, as derived above from Table 1 . Values for ,u from the punch indentation tests and our scaling assumptions for D' and S' ( Figure 8A ) were then used in Equation 1 to calculate Px at various observed arterial diameters. Because vessel transmural pressure (Ptm=Pv-Px) is constant at a given arterial diameter, the calculated values for Px can be used to predict shifts in the observed Pv versus D' relation as the lobes were inflated. Predictions were reasonably accurate in the 3-month-old group; a progressive reduction in the vessel diameter/pressure slope was estimated well, and the order of crossovers among the three pressure-diameter curves (Figure 4 ) was correct. Changes in S' during lobe inflation were slightly underestimated at 3 months, but at 3 days these changes were grossly overestimated. In fact, vessel diameters were predicted to increase at Pv=O as the 3-day-old lobes were inflated, and this was inconsistent with observations.
Arterial lengths were then tried as estimates of S', using the extension ratios from Figure 7 . As expected from the similar behaviors of arterial length and the cube root of lung volume in the 3-month-old lungs, predictions from the two estimates of S' were also similar. Both were reasonably consistent with the pressure-diameter data. In the 1-month-and 3-day-old lobes, where length behavior departed from the cube root of lung volume, pressure-diameter behavior was only compatible with S' derived from length behavior. However, differences among the three age groups were still underestimated (Figure 9 ). Values for D'-S' were never great enough to predict a rise in Px equal to the rise in PL during lung inflation (Equation 2). Therefore, all of the predicted values for Px in Figure 9 are from Equation 1.
Discussion
Sources of Error
The studies of occluded vessels are subject to an artifact caused by movement of blood from extraalveolar vessels to alveolar vessels as the lungs are deflated, increasing total capacitance of the pulmonary vascular system.14 This increase in capacitance dampens any rise in Pv caused by release of distending forces and amplifies any fall in Pv caused by release of compressive forces. Therefore, our new finding in the newborn lungs ( Figure 6 ) must have been accentuated somewhat by the artifact. Nevertheless, the studies of occluded vessels always confirmed the radiological studies qualitatively. In particular, either rise or fall in Pv could be shown during deflation of the same lung, depending on selection of the initial Pv based on the radiological studies ( Figure 3) . Thus, the studies of occluded vessels suggested to us that the radiological measurements, which were made over a limited range of sites, can be generalized to other extra-alveolar sites.
A circular cross section of the arteries was assumed both in the measurements and analysis. Caro15 found that arteries in rabbit lungs became progressively eccentric as Pv was reduced from 10 to 0 cm H20. Randomly oriented eccentricity on the radiographs could explain the absence of plateaus in diameter in most of our studies (Figures 3-5 ) as Pv was reduced below zero. The necessity of using internal diameters in an analysis of external diameters calls for special caution in the newborn lungs. In the piglet lung, second and third generation arterial branches of the diameter measured in our study (200-1,000 gm) rapidly halve their wall thicknesses during the first three postnatal days to values less than 5% of external diameter.16 Wall thick- ness then gradually halves again over the next 3 months to near adult values. Our studies in the newborn lungs were done after the rapid postnatal decrease in wall thickness had occurred. We calculated the greatest underestimation of external diameter to be 8%, which applied to the lowest transmural pressures in the newborn lungs. Our reported values for specific arterial compliance are then overestimated by about 3% in the newborn lungs and by less than 2% in the most mature lungs. These errors are not large enough to affect our conclusions. Transpleural pressure imposes an external force on the equilibrium between PA and PL. Therefore, it is pertinent that pleural membrane tension increases with postnatal maturation in piglet lungs, at least near full inflation.7 If transpleural pressure increased as well, the contribution of PL to PA would decrease with maturation, reducing parenchymal strains and vascular transmural pressures. This would tend to cancel our finding that arterial diameters at a given Pv were greater near full inflation in the older lungs ( Figure 4 ). However, transpleural pressure near full inflation probably remains fairly constant at 3-4.5 cm H20 during growth and maturation of piglet lungs, despite the increase in pleural membrane tension. 7 Vascular diameters that vary within a lung and among age groups are compared in Figures 3-5. Fortunately, an evergreen-like branching pattern (Figure 1 ) in piglet lungs ensures comparison of arteries that belong to the same generation. In these comparisons, identical pressure-diameter behavior is defined as the same fractional change in vessel diameter over the range of intravascular pressures tested. Choice of the reference diameter is not entirely arbitrary, because larger values, e.g., diameter at Pv=25, generate smaller fractional changes. Diameter at Pv=0 was the most convenient choice for our method of data analysis. However, the conclusions do not depend on this choice but result from analysis of unprocessed measurements from individual sites.
Our analysis of pressure-diameter behavior assumes absence of vessel-parenchyma interdependence at Pv-Ppl=0 where PL=S cm H20. We have not measured pressure-diameter behavior of vessels excised from piglet lungs to defend this assumption. Px5 Px25 from length behavior shown in Figure 7 . Values (cm H20) for ,u are from punch indentation studies.
Lai-Fook and Hyatt12 found that pressure-diameter behavior in situ at PL=4 cm H20 did not differ from that of vessels excised from mature pig lungs. Our measurements at PL=5 cm H20 did not differ among the three age groups, and the mean value for specific vascular compliance from all of the lungs (0.0120 cm H20-1) is identical to that found by Lai-Fook and Hyatt. Of course, the possibility remains in our studies that small changes in vessel compliance related to growth and maturation are masked by opposing effects of the parenchyma at PL=S.
Relation to Previous Studies
Our studies were done within the same range of Pvs and PLs that had previously been used to study pressure-diameter behavior in mature lungs.3-5 Except at the highest Pvs, lung inflation in our oldest group (at 3 months, Figure 4 ) was associated with vascular distention, as expected from the previous studies. The opposite effect, i.e., vascular compression, has not been noted in mature lungs. In our studies, distention/ compression crossovers occurred at progressively lower vascular pressures in the less mature lungs (Figure 3 ), and lung inflation was associated with vascular compression over the entire physiological range of Pv-Ppl ( Figure 5 ) in the newborn lungs. These results are compatible with a recent study by Walker et al,17 who found that fluid expansion of fetal lamb lungs reduced arterial diameters in all radiologically visible generations.
Our analysis of pressure-diameter behavior slightly modifies a previous analysis by Lai-Fook3 to account for compressive forces at high vascular diameters. As in previous studies of mature dog lungs,3'4 measurements of shear moduli from the parenchyma were useful in predicting decreases in perivascular compliance at various degrees of lung inflation. However, pressure-volume measurements were not useful in explaining the compression that occurred at relatively low Pvs (Figures 3-5) and relatively small vascular diameters (Figure 9) in the younger lungs.
Previous studies of mature lungs have consistently shown that axial wall strain of bronchi18 and blood vessels4 conforms to average parenchymal strain during changes in lung volume. In our study, axial wall strain E .24 followed average parenchymal strain only in the most mature group, at 3 months (Figure 7 ). In the newborn lungs, axial behavior of arteries was virtually independent of average parenchymal strain.
Significance of Results
At birth, there is an excess of fluid in the lung interstitium before a stable fluid balance is attained. If the balance remained unresolved at 3 days, perivascular fluid cuffs could dissociate the arteries from the surrounding parenchyma with regard to radial traction, explaining our pressure-diameter results at this age ( Figure 5 ). We did not measure dry lobe weights and thus cannot rule out this possibility entirely. However, perivascular fluid cuffs have not been noted,6"6 and wet weight per unit lobe volume was not higher as compared with the two older groups (Table 1) . Moreover, interstitial fluid does not readily explain parenchyma-vessel dissociation in length behavior.
As the 3-day-old lungs were deflated, radial strain around the arteries conformed better to axial wall strain than to the much larger average parenchymal strain. This suggested to us that axial and radial strains were spatially uniform around the arteries and that both were relatively small in comparison with strains elsewhere. However, vessels must reach the periphery. Because we found no unique behavior of branching angles in the immature lungs, we interpret these findings to indicate a central-peripheral inhomogeneity of expansion.
The arteries in our radiological studies are second and third generation "conventional" vessels, which are known to course in proximity to airways in the piglet lung.16 Might our findings in the immature lungs represent a mechanical dominance of local parenchyma by the arteries and their neighboring airways? Such a dominance would not be on the basis of relatively large diameters. Diameter of the main lobar artery per cube root of lobe volume actually increases substantially with age (Table 1) , although diameter of the main lobar bronchus decreases slightly on the same scale (authors' unpublished data). Moreover, neither structure appears to be stiffer in radial extension in the newborn lung, as indicated by values for specific compliance in situ (authors' unpublished observations in regard to the lobar bronchus). Thus, we can find no explanation for our results from observations at hand about intrinsic properties of central lobar arteries and bronchi.
Whereas airways and associated blood vessels in the pig are completely formed at birth, parenchymal development occurs primarily after birth.19 From morphological studies of the human lung, Emory20 suggested that elastic tissue development is the primary determinant of the extensive postnatal increase in alveolar number and complexity. During the 3-month span of our study, the piglet lung grows by over sixfold in weight and volume7 (Table 1) . Increase in parenchymal complexity during this period brings alveolar number close to the adult value. 16 Initially, small volume densities of elastin increase as formed elements appear in the alveolar septa.6 For these reasons, we suggest that our findings in newborn lungs represent a dissociation of extra-alveolar arteries from the parenchyma on the basis of immaturity in elastic tissue development. However, we lack specific information about the composition and density of perivascular attachments to support this explanation.
Opposite to findings from mature animals,2 5 our results from newborn piglets imply that extra-alveolar perivascular pressure exceeds pleural pressure at lung volumes above normal end expiration. Therefore, we speculate that extra-alveolar perivascular pressures may rise when newborn lungs are inflated to high volumes during mechanical ventilation. It has been suggested that mechanical ventilation affects outcome adversely in persistent pulmonary hypertension of the newborn,21 in which gas exchange is limited by deficient lung perfusion. Our findings offer a mechanism for such an adverse effect of mechanical ventilation in that inflation of newborn lungs to high volumes may increase pulmonary vascular resistance.
